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Spin defects in silicon carbide (SiC) with mature wafer-scale fabrication and micro-
nano processing technologies have recently drawn considerable attention [1, 2]. Room
temperature coherent control has already been done for ensemble of divacancy [3],
but still lacking for single-spins level [4–6]. Although room temperature single-spin
manipulation of silicon vacancy defects has been demonstrated, the typical detected
contrast is less than 2% and the photon count is also low [7]. Here, we demonstrate the
coherent manipulation of single divacancy spins in 4H-SiC with high readout contrast
(30%) and high photon counts (150 kcps) under ambient conditions, which are in
contention with the nitrogen-vacancy centres in diamond [8, 9]. Moreover, these single
divacancy defects can be controllably generated. Since the high readout contrast is of
outmost importance in many applications of quantum technologies [10], this work might
open a new territory for SiC-based quantum devices with many advanced properties
of the host material.
Colour centres in SiC have recently attracted a broad
interest as electrically driven high bright single photon
sources [11, 12] and defect spins with long coherence
time [4, 5]. The most widely studied spin defects in
SiC are divacancies (missing a silicon atom and an adja-
cent carbon atom, VSiVC) [3, 6, 13] and silicon vacancies
(missing a silicon atom, VSi) [7, 14, 15], the spin states of
which can be optically polarized and readout. The VSiVC
defects in SiC are of near-infrared photoluminescence
(PL) emissions and have versatile applications, including
quantum information processing [16] and multifunctional
sensing, such as magnetic fields [17], electric fields [18],
strain [19, 20], and temperature [21], etc. These defect
spins can be flexibly controlled by microwave [4, 5], elec-
tronics [6, 22] and acoustics [23].
For the practical applications of nanoscale sensing and
quantum networks, it is critical to create single VSiVC
defects in SiC with high generation efficiency and spatial
accuracy. Although electron irradiation can be used to
prepare VSiVC defects in SiC [4, 5], their spatial positions
are random and cannot be controlled well. Mature ion
implantation techniques have been widely used to gen-
erate VSi defects in SiC [24] and nitrogen-vacancy (NV)
centres in diamond [25]; however, they have not been
reported for the generation of single VSiVC defects.
In this work, we controllably prepare arrays of sin-
gle VSiVC defects in 4H polytype SiC (4H-SiC) through
Carbon ion (C+) implantation and annealing, similar to
the process of preparing single VSi arrays [24]. The sin-
gle defect generation efficiency is up to 35%. Depending
on the location of vacancies (hexagonal (h) and quasi-
cubic (k)), four identified types of VSiVC defects exist in
4H-SiC, namely hh (PL1), kk (PL2), hk (PL3) and kh
(PL4) [3, 17]. Single PL1, PL2 and PL4 defects are iso-
lated and identified in the implanted samples, which is
similar to the previous work with electron irradiation [4].
We further coherently manipulate single PL1 defect spins
at room temperature, which has not been demonstrated
thus far.
In addition to the four known types of VSiVC defects,
we also find the previously named PL5, PL6 and PL7
defects [3, 17] that have been recently assigned to diva-
cancy configurations inside stacking faults, which act as
local quantum wells in 4H-SiC and make PL5-7 colour
centres robust against photoionization [26]. Thus, we
use VSiVC to refer to PL1-PL7 defects. We investigate
the spin and optical properties of single PL5-PL7 defects
at room temperature for the first time. Surprisingly, for
single PL6 defects, the single-photon saturation count-
ing is up to 150 kcps (kilo counts per second), which is
almost 5 times and 15 times higher than that of single
PL1-PL4 divacancies [4, 5] and single silicon vacancies
in bulk 4H-SiC [7, 24], respectively. Moreover, the con-
trasts of continuous-wave (CW) optically detected mag-
netic resonance (ODMR) spectrum and Rabi oscillation
are respectively about 23% and 30% at room tempera-
ture. These outstanding properties are comparable with
those of NV centres in diamond [9]. The coupling be-
2tween a single PL6 defect spin and a nearby nuclear spin
(29Si) is further detected.
To our knowledge, this is the second solid state defect
qubit that exhibits such unique properties in terms of
high readout contrast together with high photon counts
at room temperature but in a technologically mature ma-
terial with a wavelength region favourable for in vivo
quantum sensing and quantum communication applica-
tions. The efficiently generated single divacancy defects
in SiC with high quality room temperature optical and
spin properties would be suitable for nanoscale sensing
and constructing hybrid quantum devices under ambient
conditions.
We systematically study the effects of annealing con-
ditions on the conversion efficiency of VSiVC defects in
4H-SiC (see Supplementary Information [SI]). The an-
nealing temperature is set to 900 ◦C for 30 minutes to
prepare single defects. The detailed process of sample
preparation can be found in the Methods section. In
the experiment, a 920-nm continuous-wave (CW) laser
within the range of optimal excitation wavelength [27] is
used to excite the colour centres. Fig. 1a shows the rep-
resentative confocal fluorescence image within an area of
32×32 µm2 using a home-built confocal microscopy with
an oil objective of 1.3 NA. (see Methods for more de-
tails). The pumping power is set to 1 mW. In the image,
some of the bright points are still shown to be single de-
fects. For example, the defect denoted by the orange
circle is a sinlge PL6 defect, which will be investigated
in detail later. The Hanbury-Brown and Twiss (HBT)
measurements are performed on 256 bright spots. Us-
ing the results of g2(t), we count the number of colour
centres per implanted aperture (Fig. 1b) [24]. The light
blue columns represent the statistic results with error
bars (dark blue lines). The data fit the Poisson distribu-
tion function, from which the generation efficiency of the
isolated divacancy defects is deduced to be 35% ± 4%.
Considering the implantation dose, the conversion effi-
ciency from implanted C+ ions to VSiVC defects is 3.6%
± 0.8%.
We characterize the optical properties of the single
PL6 defect denoted by the orange circle in Fig. 1a at
room temperature. The second-order intensity corre-
lation function is measured at different exciting laser
powers (Fig. 1c). The obvious photon-bunching phe-
nomenon in the HBT measurement under the situa-
tion of high exciting laser power implies the existence
of a metastable state [11]. The background-corrected
experimental data are fitted by the equation g2(t) =
1 − (1 + a)e−|t|/τ1 + ae−|t|/τ2 with a, τ1 and τ2 being
the fitting parameters [28]. The values of g2(0) at dif-
ferent exciting laser powers are all less than 0.5, indi-
cating a single photon emitter. We further measure its
saturation behavior (Fig. 1d). The background-corrected
experimental data (purple rhombuses) is fitted with the
function of I(P ) = Is · P/(P + Ps) (red solid line). The
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Figure 1. Characterization of the single VSiVC defect
arrays generated by 30 keV carbon ion implantation.
a, Representative confocal fluorescence image (32 × 32 µm2)
of the implanted sample. The white scale bar is 4 µm. The
bright point in the orange circle represents the single PL6 de-
fect used in c and d. b, Statistics of the number of VSiVC
defects per implanted aperture. The light blue columns are
the statistic results with corresponding error bars represented
by the dark blue lines. The data are fitted by the Pois-
son distribution function (red dots). c, Second-order inten-
sity correlation function of g2(t) for exciting laser powers of
0.2 mW (black), 1 mW (orange), 3 mW (blue) and 9 mW
(green), respectively. The red lines are the corresponding fit-
tings. d, Saturation behavior. The purple rhombuses are the
background-corrected experimental data and the red solid line
is the fitting with a function of I(P ) = Is ·P/(P +Ps). P and
I(P ) are the exciting laser power and corresponding counts
with Is and Ps being the saturated counts and saturated ex-
citing power.
saturated exciting power Ps is 0.75 ± 0.01 mW and the
saturated PL intensity Is is 150.8 ± 0.7 kcps. The sin-
gle defect exhibits a high-quality photostability at room
temperature (see Fig. S9). Two orthogonal rotation di-
rections in the polarization of PL emissions are measured
(see Fig. S10). We observe spin-selective optical lifetimes
at 13.4 ± 0.3 ns and 8.9 ± 0.1 ns at room temperature
(see Fig. S11) which implies a sizable ODMR contrast for
single PL6 defects at ambient conditions (see SI Sec. 8).
We then use a common ODMR method (see Meth-
ods for more details) to characterize the spin properties
of the single PL6 defect at room temperature, which is
widely used for NV centres in diamond or divacancies in
SiC [3, 10]. The CW-ODMR spectrum in the zero mag-
netic field excited with 50 µW laser is shown in Fig. 2a.
Due to the spin polarization depended emission, a change
is inevitable in the PL readout (∆PL) with and without
the resonant microwave (MW). The oscillation frequency
between ms = 0 and ms = ±1 is 1.3541 GHz [3, 17] and
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Figure 2. Spin properties of a single PL6 defect at room temperature. a, CW-ODMR spectrum in the zero magnetic
field. The blue dots are the experimental raw data and the orange line is the corresponding Lorentzian fitting centreing at
1.3514 GHz. b, The CW-ODMR spectrum as a function of the magnetic field intensities. c, Rabi oscillation measured in a
magnetic field of 26.4 Gs. d, Ramsey oscillation measured in a magnetic field of 330 Gs. From the fitting, the inhomogeneous
spin-dephasing time T ∗2 is deduced to be 463 ± 35 ns. e, Hahn echo coherence time measured in a magnetic field of 330 Gs.
From the fitting, the homogeneous spin coherence time T2 is 23.2 ± 2.5 µs. f, A representative measurement of T1 with a
magnetic field of 220 Gs. The purple dots are the experimental data, which are fitted by a function of single-exponential decay.
the ODMR contrast is deduced to be 23% (see SI for
details on the optimization of ODMR contrast). We fur-
ther demonstrate the ODMR signals as a function of the
magnetic field (Fig. 2b). The slope of splitting between
ms = ±1 and ms = 0 is ± 2.80 MHz/Gs due to the Zee-
man effect. This result can be used for quantum sensing
with a sub-micro spatial resolution. The Rabi oscillation
of the single spin between ms = 0 and ms = −1 states
in a magnetic field of 26.4 Gs is shown in Fig. 2c, where
the readout contrast is deduced to be about 30%. We
then characterize the coherence properties of the single
PL6 defect spin at room temperature (see Methods). The
Ramsey oscillation is measured in a magnetic field of 330
Gs, which is shown in Fig. 2d. The experimental data
(blue dots) is fitted by a two-cosine exponential decay
function (red line), from which the inhomogeneous spin-
dephasing time T ∗2 is deduced to be 463 ± 35 ns. The
Hahn echo is also measured in a magnetic field of 330 Gs
(Fig. 2e), from which the homogeneous spin coherence
time T2 is deduced to be 23.2 ± 2.5 µs. The coherence
time can be readily elongated by dynamical decoupling
techniques [29]. The longitudinal coherence time T1 is
further measured to be 149.1±12.4 µs in a magnetic field
of 220 Gs, which is shown in Fig. 2f (see SI for the mea-
suring method). The spin coherence time T2 of the single
PL6 defect is shorter than that of previously reported re-
sults [4, 5, 21], presumably caused by the high nitrogen
doping level in the used samples. T2 can be dramati-
cally improved by using SiC samples with lower nitro-
gen concentration and further optimizing the conditions
of implantation and annealing, similar to the strategies
usually adopted for NV centres in diamond [30, 31].
In this work, we identify the types of single defects
generated by C+ ion implantation through measuring the
ODMR spectrum at room temperature or detecting cor-
responding fluorescence spectra at a cryogenic tempera-
ture of 8 K. Fig. 3 demonstrates the spin properties of
three other types of single defects at room temperature.
Fig. 3a shows the ODMR spectrum of a single PL1 di-
vacancy in the magnetic field of 26.4 Gs excited with
50-µW laser pumping. The contrast of the CW-ODMR
spectrum is deduced to be about 4%, similar to the pre-
viously reported results [4, 5]. Fig. 3b demonstrates the
Rabi oscillation in the magnetic field of 26.4 Gs, where
the contrast is deduced to be about 6.5%. Single PL2 and
PL4 divacancies have been also observed in our implanted
samples at cryogenic temperatures, which are identified
by measuring corresponding fluorescence spectra (see SI
4for more details). However, we do not find any signals
of the single PL3 defect, which is similar to previously
reported results [4, 5].
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Figure 3. Spin properties of single PL1, PL5 and PL7
defects at room temperature. a, c and e represent the
CW-ODMR spectra of single PL1 defect spin in a magnetic
field of 26.4 Gs, PL5 and PL7 defect spins in the zero magnetic
field, respectively. The blue dots are experimental raw data
and the red lines represent corresponding Lorentzian shaped
multi-peak fittings. b, d and f represent Rabi oscillations of
single PL1 defect spin in a magnetic field of 26.4 Gs, single
PL5 and PL7 defect spins in the zero magnetic field, respec-
tively. The blue dots are the experimental raw data and the
red line corresponds to the decaying cosine fittings.
Fig. 3c shows the zero-field CW-ODMR spectrum of
a single PL5 defect with 50-µW laser pumping. The os-
cillation frequencies between ms = 0 and ms = ±1 are
1.3757 GHz and 1.3437 GHz, respectively [3, 17]. It is
worth noting that the CW-ODMR contrast of the single
PL5 defect spin can approach 18%. The Rabi oscillation
of the single PL5 defect spin with a zero magnetic field
is demonstrated in Fig. 3d, where the readout contrast
of the Rabi oscillation is about 25% (see SI for more de-
tails on the optical and spin properties). Fig. 3e and
Fig. 3f exhibit the zero-field CW-ODMR spectrum and
Rabi oscillation of a single PL7 defect with 0.2-mW laser
pumping, respectively. The oscillation frequency is de-
duced to be 1.3333 GHz. The contrasts of CW-ODMR
and Rabi oscillation are 7% and 10%, respectively.
The PL5 and PL6 defects stand out with high readout
contrast at ambient conditions which have been identified
as divacancy configurations inside such stacking faults
that act as local quantum wells in 4H-SiC [26]. It was
already reported that the local quantum well stabilize
these defects in the qubit neutral charge state [26] that
we justify at single defect level for PL6 defect (Fig. S9).
Our theory implies that the local quantum well will in-
crease the spin-selective intersystem crossing (ISC) rate
from the triplet excited state via the energy gap clos-
ing between the corresponding excited singlet level and
triplet level which results in a larger contrast for PL5
and PL6 defects at low temperatures than that for the
PL1-4 defects (see SI). The relatively small energy gaps
between the triplet and singlet levels in divacancy config-
urations cause a significant temperature dependence on
the PL lifetime and the corresponding spin-selective ISC
rates (see Sec. 8 in SI). Nevertheless, room temperature
ODMR readout contrast of PL5 and PL6 defects per-
sists still at competitively high level, which is a base for
employing quantum information processing at ambient
conditions.
For the SiC sample with natural abundance, there are
4.7% 29Si with nuclear spin ISi = 1/2 and 1.1% 13C with
nuclear spin IC = 1/2. In the implanted sample, it is
easy to find a single defect spin coupled with a nearby
nuclear spin even at room temperature. Fig. 4a shows
the background-corrected HBT measurement of a single
PL6 spin defect coupled to a nearby 29Si nuclear spin,
which is excited by a 1-mW, 920-nm CW laser. The
value at the zero delay time (g2(0)) is deduced to be 0.018
± 0.003, indicating a single colour centre. The ODMR
spectrum is measured in a zero magnetic field, which is
shown in Fig. 4b. Splitting between these two dips is
9.7 MHz resulting from the hyperfine interaction between
the single electron spin of PL6 defect and a nearby 29Si
nuclear spin [16]. Fig. 4c shows the ODMR spectrum
measured in a magnetic field of 28.6 Gs. The splitting of
two sets of dips results from the Zeeman effect with the
9.7 MHz splitting derived from the hyperfine interaction
remaining consistent. Fig. 4d shows the Rabi oscillation
between |0e ↓n〉 and | − 1e ↓n〉 states (|0e〉 and | − 1e〉
represent the electron spin states of ms = 0 and ms =
−1, respectively, and | ↓n〉 represents the nuclear state
of mI = −1/2). The blue dots denote the experimental
data and are fitted by a two-cosine exponential decay
function (red solid line).
In conclusion, we present a method of controllable and
scalable creation of single divacancy spin defects in 4H-
SiC using carbon ion implantation and combining elec-
tron beam lithography and post-annealing techniques.
The generation efficiency of the optically stable single
spin defects in 4H-SiC is up to 35%. We characterize the
spin properties and demonstrate the coherent manipula-
tion of individual spin defects including PL1, PL5, PL6
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Figure 4. A single PL6 electron spin coupled to a
nearby 29Si nuclear spin at room temperature. a,
Second-order intensity correlation function g2(t) of a single
PL6 spin defect coupled to a nearby nuclear spin, which is
excited by a 1-mW, 920-nm CW laser. b, ODMR spectrum
in the zero magnetic field. c, ODMR spectrum in a mag-
netic field of 28.6 Gs. d, Rabi oscillation of the defect spin
hyperfine coupling with a nuclear spin.
and PL7 at room temperature for the first time. Surpris-
ingly, the single PL6 spin defects have some outstand-
ing properties compared with several previously reported
spin defects in SiC, such as divacancies [3–5] and silicon
vacancies [7, 15]. The saturation counts of single PL6
centre are up to 150 kcps, and its CW-ODMR and Rabi
oscillation contrasts can reach as high as 23% and 30%,
respectively, which are comparable with those of single
NV colour centres in diamond.
Divacancy qubits reported in this work have near-
infrared excitation and emission in such a wavelength re-
gion which is the most transparent to living cells, in stark
contrast to the NV centres in diamond which require
green illumination for efficient photo-excitation causing
high autofluorescence of living cells. This makes diva-
cancy colour centres highly prospective for in vivo bi-
ology and human diagnostics applications and therapy
as similar divacancy defects have been engineered into
few nanometres water soluble SiC nanocrystals [32]. The
near-infrared fluorescence also have a much lower opti-
cal fibre transmission loss coefficient compared with that
of NV centres in diamond (0.7 dB/km for 1,100 nm and
8 dB/km for 637 nm). Combining strong coupling be-
tween the defect spin and the nearby nuclear spin with
long-lived coherent time, the single spin defects inves-
tigated in this work are favorable platforms for con-
structing quantum networks with quantum memory, es-
pecially based on the optical fibre communication [33].
Integrating the electrically and optically controlled spin
defects [6, 18, 22] into high-performance SiC electron
devices and recently developed integrated optical chips
based on SiC [34] may also provide considerable opportu-
nities for the next generation of hybrid quantum devices.
Methods
Sample preparation. In our work, a 12.5-µm-thick
epitaxial layer of single-crystal 4H-SiC with a nitrogen
doping density of 5 × 1015 cm−3 grown on an 4◦ off-
axis 4H-SiC substrate was used [24]. A layer of positive
electron beam photoresist PMMA A4 with thickness of
about 200 nm was spin-coated onto the surface of the
SiC sample. Through electron beam lithography (EBL,
JEOL, JBX 6300FS), an array of apertures with a pitch
of 2 µm and diameter of 50 ± 10 nm was fabricated on
the surface of the sample as a mask. Then, the sample
was implanted by 30 keV C+ ions with a dose of 1.02 ×
1012 cm−2. There are about 20 implanted carbon ions
per aperture in the sample. The mask was removed by
the ultrasonic bath of acetone solution. The sample was
annealed in a tube furnace at 900 ◦C for 30 minutes in
a vacuum environment of about 1 × 10−4 Pa. Finally,
the sample was cleaned in a 3:1 mixture of concentrated
sulphuric acid and hydrogen peroxide heated to 95 ◦C for
5 hours, which can dramatically reduce the background
fluorescence. Single spin defects could then be optically
addressed.
Optical measurements. Home-built scanning con-
focal microscopy with an infrared oil objective with an
NA of 1.3 (Nikon, CFI Plan Fluor 100X Oil) was used
in our experiments. In all of the optical measurements,
a 920-nm CW laser, filtered by a short pass filter (Thor-
labs, FESH950), was used to excite those colour cen-
tres. A dichroic beamsplitter (Semrock, Di02-R980-
25x36) was used to separate the laser and fluorescence
signals. For various measurements at room temperature,
the SiC samples were mounted on a closed cycle three-
axis piezoelectric stage (PI, E-727.3SD). The fluorescence
signals filtered by an 1000 nm long pass filter (Thor-
labs, FELH1000) were coupled to a single mode fiber
and then guided to a superconducting nanowire single
photon detector (SNSPD, Scontel, TCOPRS-CCR-SW-
85) with approximately 80% quantum efficiency. The
number of photons are recorded by a counter (NI, USB-
6341). For the HBT measurements, the fluorescence sig-
nals were divided by a fiber beam-splitter and detected by
a two-channel SNSPD. The coincidence correlation with
variable delay time t was measured by a time-to-digital
converter (IDQ, ID800-TDC). For the measurements of
fluorescence lifetime of single colour centres, a 860 nm
pulse laser with a repetition rate of 76 MHz was applied
and the exciting laser power was set to 50 µW.
Spin coherent manipulation. The same home-built
scanning confocal microscopy was used to polarize and
readout the optical signals depending on the spin states
of the isolated defects. For the ODMR, Rabi, Ramsey
6and Spin echo measurements, the microwave sequences
were generated by a synthesized signal generator (Mini-
Circuits, SSG-6000 RC) and then gated by a switch
(Mini-Circuits, ZASWA-2-50DR+). After amplified by
an amplifier (Mini-Circuits, ZHL-25W-272+), the mi-
crowave signals were fed to a 50-µm-width copper wire
above the surface of 4H-SiC sample. The exciting 920-nm
CW laser was modulated using an acousto-optic modu-
lator. The timing sequence of electrical signals for ma-
nipulating and synchronizing the laser, microwave and
counter was generated by a pulse generator (SpinCore,
PBESR-PRO500).
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1. Implantation and Annealing.
The material used in our work is a 12.5-µm-thick epi-
taxial layer of single-crystal 4H-SiC with nitrogen doping
density of 5×1015 cm−3 grown on an 4◦ off-axis 4H-SiC
substrate (Xiamen Powerway Advanced Material Co.,
Ltd) [1]. We use 30 keV carbon ion implantation to pro-
duce divacancies (VSiVC) and divacany-related defects in
4H-SiC. For the ensemble samples, the implantation dose
is 1 × 1013 cm−2, after which the samples are annealed
to increase the conversion efficiency.
For the experiments at low temperature (LT) of 8
K, the SiC samples are mounted on a cooling stage in
the Montana Instruments cryostat and a two-axis Galvo
scanning system with silver-coated mirrors (Thorlabs,
GVS012) is used to scan the exciting laser. The fluo-
rescence signals filtered by an 1000 nm long pass filter
(Thorlabs, FELH1000) is coupled to a single mode fiber
and then guided to a superconducting nanowire single
photon detector (SNSPD, Scontel, TCOPRS-CCR-SW-
85) to detect the photoluminescence (PL) intensity, or
coupled to a multiple mode fiber and then guided to
a grating spectrometer (Horiba, iHR 550) with an In-
GaAs array detector (SMY1-IGA50-512) to measure the
PL spectra.
Fig. S1 shows the LT PL spectra of the implanted 4H-
SiC samples annealing from 800 ◦C to 950 ◦C. Because
of two inequivalent lattice positions for Carbon and Sili-
con atoms in 4H-SiC crystals, namely the hexagonal (h)
and quasi-cubic (k), there are four kinds of inequivalent
identified neutral VSiVC defects, which are denoted as hh
(PL1), kk (PL2), hk (PL3) and kh (PL4). The four ob-
vious peaks (1131.2 nm, 1130.0 nm, 1107.4 nm, 1078.3
nm) in the LT PL spectra of the implanted ensemble sam-
ples correspond to the four types of divancancies, which
are consistent with previous reports [2, 3]. It is noticed
that an unknown peak of 1102.9 nm exists near that of
PL3 defect. There also three types of divacancy-related
defects, which are denoted as PL5, PL6 and PL7. The
inset is an enlarged figure of the part shown in the black
box, in which the LT spectrum of PL6 defects are clearly
observed. Nevertheless, the LT spectrum of PL5 defects
are weak due to the low density at those annealing condi-
tions (The PL spectra of PL7 defects has not been iden-
tified [3]). Further detailed researches need to be done
to deterministically confirm the structures of PL5-PL7
defects and improve their generation efficiency.
800 ℃
850 ℃
900℃
950℃
PL6 PL5
Figure S1. PL spectra of the ensemble samples at low
temperature of 8 K. The PL spectra of the implanted sam-
ples after annealing with different temperature for 30 minutes.
Black, red, blue and green lines represent the PL spectrum of
the implanted samples annealing at 800 ◦C, 850 ◦C, 900 ◦C
and 950 ◦C, respectively. The inset is an enlarged figure of
the part shown in the black box.
As mentioned before, the conversion efficiency of cer-
tain defects depends on the annealing conditions, includ-
ing annealing temperature and annealing time. Fig. S2a
shows the PL intensity of PL4 divacancies in the im-
planted samples as a function of annealing temperature,
in which the annealing time is fixed to be 30 minutes.
It is clearly demonstrated that as the annealing tem-
perature increases, the density of PL4 divacancies firstly
increase and reach the maximum at 900 ◦C, and then
2sharply decrease. The result is similar to the previous
work, in which the 4H-SiC is implanted by protons [4].
As Fig. S2b shown, the corresponding spectrum width
monotonically decreases with the increase of annealing
temperature. Besides, we also study the effects of an-
nealing duration time on the generation efficiency of di-
vacancies in the implanted samples. Fig. S2c shows the
PL intensity of PL4 divacancies as a function of annealing
duration time where the annealing temperature is fixed to
be 900 ◦C. The density reduces approximately exponen-
tially as the annealing time increases. PL4 divacancies
may convert to other types of defects during the anneal-
ing at 900 ◦C. To increase the divacancy density by an-
nealing, both of the annealing temperature and duration
time should be comprehensively considered. Moreover,
the spectrum width of PL4 is shown to decrease with the
increase of annealing duration time (Fig. S2d).
a b
 c  d
Figure S2. Effects of annealing conditions on the con-
version efficiency of divacancies. a, PL intensity of PL4
divacancies in the implanted 4H-SiC as a function of annealing
temperature and the annealing time is fixed to be 30 minutes.
Corresponding ZPL widths are shown in b. c, PL intensity
of PL4 as a function of the annealing time and the annealing
temperature is 900 ◦C. Corresponding spectrum widths are
shown in d. All measurements are performed at low temper-
ature of 8 K.
2. PL spectra of single color centers.
The types of divacancies and divacancy-related defects
(both denoted as VSiVC) can be identified by optically
detected magnetic resonance (ODMR) spectra at room
temperature or PL spectra at low temperature of 8 K.
As previously reported [2, 3], the ODMR spectra of PL1
and PL3 defects in 4H-SiC have been measured, while
the ODMR signals of PL2 and PL4 were not observed at
room temperature. A grating spectrometer (Princeton,
IsoPlane 320) with a low dark count (no more than 8
counts per second) InGaAs camera (NIRvana:640LN) is
used to detect the PL spectra of single color centers at 8
K. Fig. S3a and Fig. S3b demonstrate the normalized LT
PL spectra of single PL2 and PL4 defects, respectively,
while Fig. S3c and Fig. S3d show the LT PL spectra
of single PL5 and PL6 divacancy-related defects. The
widths of zero-phonon lines of those single defects rang-
ing from 0.42 nm to 0.51 nm, which are limited by the
resolution of the grating spectrometer.
a b
 c  d
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Figure S3. PL spectra of single color centers at low
temperature of 8 K. a and b demonstrate the PL spectra of
single kk (PL2, blue) and kh (PL4, orange) divacancy defects
in the implanted 4H-SiC, respectively. c and d demonstrate
the PL spectra of single PL5 (purple) and PL6 (red) defects
in the implanted 4H-SiC samples.
3. Optimizing the CW-ODMR measurement.
For the application of magnetometer, the continuous-
wave (CW)-ODMR is a simple and immediate method to
sense dc magnetic field through estimating the value of
Zeeman splitting. We systematically study the influences
of exciting laser power and microwave (MW) power on
the CW-ODMR contrast and linewidth of a single PL6
defect spin at room temperature, which is similar to the
previously reported work for NV centers in diamond [5].
The ON-OFF measurement scheme is the same as our
previous work described in [6]. A 50-µm cooper wire
above the sample is used to radiate microwave. The step
size of microwave scan is set to be 1 MHz, and the scan
process is implemented 10 times, after which the results
are averaged. For each point, the microwave is gated
on and off with 1 ms duration and repeated 1000 times.
Each result is fitted by a Lorentz function. Fig. S4a
shows the CW-ODMR contrast as a function of mi-
crowave power at different exciting laser powers measured
at the magnetic field of 26.4 Gs. The results demonstrate
that the ODMR contrasts significantly increase as the
decrease of laser power or increase of microwave power.
Fig. S4b shows the CW-ODMR linewidth of a single PL6
3defect spin as a function of microwave power at different
exciting laser powers. The experimental results demon-
strate that the linewidth decreases as the decrease of mi-
crowave power or laser power. Fig. S4c shows one of the
optimized example, that is the CW-ODMR spectrum ex-
cited by a 0.05 mW laser and 28 dBm MW at magnetic
field of 26.4 Gs. The experimental data (blue dots) is fit-
ted by a two-peak Lorentzian function centering at 1.2771
GHz and 1.4261 GHz, respectively (orange solid line),
from which the ODMR contrast and width are deduced
to be 18.5% ± 0.3% and 9.45% ± 0.35%.
a  b
Δ
 c
Figure S4. CW-ODMR contrast and linewidth de-
pending on the power of exciting laser and microwave.
a, ODMR contrast of a single PL6 defect spin as a func-
tion of microwave (MW) power exciting with 0.1- (black) and
0.05-mW (red), 920-nm CW laser, respectively. b, ODMR
linewidth of the single PL6 defect spin as a function of mi-
crowave power excited with 0.1- (black) and 0.05-mW (red),
920-nm CW laser, respectively. c, CW-ODMR spectrum of
a single PL6 defect excited by a 0.05-mW laser and 28-dBm
MW in a magnetic field of 26.4 Gs.
4. The pulse sequence to measure the Longitudi-
nal coherence time T1.
_
τ920 nm
MW
Polarization Readout
π
τ920 nm
MW
Polarization Readout
a
b
Figure S5. T1 measurement sequence. Optical and mi-
crowave pulse sequences used for T1 measurement. Difference
counts between these two process are used to derive T1.
The optical and microwave pulse sequences shown in
Fig. S5 are used to measure the longitudinal coherence
time T1 of a single PL6 defect spin at room temperature,
which is similar to the previous work [7]. In each
sequence, the initial state is polarized into the state of
ms = 0 by applying a 920 nm laser pulse for 20 µs.
There is a microwave pi pulse with a typical duration of
66 ns after the initialization in Fig. S5b, in which the
initial state is then rotated to ms = −1. After a decay
time τ , a laser pulse with a length of 0.55 µs is used to
detect the PL intensity, which depends on the residual
spin polarization. The different PL intensity between
these two processes as a function of τ is used to derive
the longitudinal coherence time T1.
5. Optical and spin properties of single PL5 de-
fects.
We characterize the optical properties of single PL5
defects. Fig. S6a shows a representative second-order in-
tensity correlation function of g2(t) for a single PL5 de-
fect excited with a 1-mW CW laser, which is measured
using a Hanbury-Brown and Twiss (HBT) interference
device. In order to eliminate the influence of background
counts, the raw second-order intensity correlation func-
tion of g2raw(t) is corrected with the function:
g2(t) = [g2raw(t)− (1− ε)]/ε2, (1)
where ε = s/(s+b); s and b are the signal and background
counts, respectively. The background-corrected g2(t) is
fitted by the function:
g2(t) = 1− (1 + a)e−|t|/τ1 + ae−|t|/τ2 , (2)
where a, τ1 and τ2 are the fitting parameters [8]. From
the fitting, the g2(0) is deduced to be 0.0012 ± 0.0001,
indicating a single photon emitter. Then, we measure
its saturation behavior excited with a 920-nm CW laser,
as shown in Fig. S6b. The blue rhombuses are the
background-corrected experimental data and fitted by
the function of I(P ) = Is·P/(P+Ps), from which the sat-
urated exciting power Ps and the saturated PL intensity
Is are 0.67 ± 0.01 mW and 63.8 ± 0.3 kcps, respectively.
a b
Figure S6. optical properties of a single PL5 defect at
room temperature. a, Second-order intensity correlation
function of g2(t) for exciting laser power of 1 mW. The purple
lines are the experimental data and the red solid line is corre-
sponding fitting. b, Saturation behavior. The blue rhombuses
are the background-corrected experimental data and the red
solid line is the fitting with a function of I(P ) = Is·P/(P+Ps).
I(P ) and P are the corresponding counts and exciting power
with Is and Ps being the saturated counts and saturated ex-
citing power.
We further measure the PL polarization of various sin-
gle PL5 defects at room temperature, which are analysed
with a polarizer (Thorlabs, LPVIS050). Three typical re-
sults are demonstrated in Fig. S7, from which there are
4three different orientations separated by 60◦ for single
PL5 defects. Those results are similar to previously re-
ported ensemble results at low temperature [9]
a b  c
Figure S7. PL polarization of single PL5 defects at
room temperature. a-c, Three typical results of PL polar-
ization of single PL5 defects with different rotations.
A representative Ramsey oscillation of a single PL5
defect measured at room temperature is shown in Fig. S8.
The blue dots are the experimental data and fitted by a
single-cosine exponential decay function (red solid line),
from which the inhomogeneous spin-dephasing time T ∗2
is deduced to be 1.66 ± 0.19 µs.
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Figure S8. Ramsey measurement of a single PL5 de-
fect at room temperature. Ramsey oscillation measured
without a magnetic field. From the fitting, the inhomoge-
neous spin-dephasing time T ∗2 is deduced to be 1.66 ± 0.19
µs.
6. Optical properties of single PL6 defects.
We further measure the time traces of fluorescence in-
tensity of a single PL6 defect with a sampling time of
0.1 s at exciting laser powers of 0.2 mW (black), 1 mW
(orange), 3 mW (blue) and 9 mW (green), respectively,
which is shown in Fig. S9. The experimental results in-
dicate that the fluorescence emission of the single PL6
color center at different exciting laser powers is photo-
stable without any blinking and bleaching.
The PL polarization of various single PL6 defects are
also measured at room temperature. The PL polariza-
tion of two representative single PL6 defects are shown
in Fig. S10, from which the two orientations are perpen-
dicular. Those results are similar to previously reported
Figure S9. Photostability of a single PL6 defect at
room temperature. Photostability at exciting laser powers
of 0.2 mW (black), 1 mW (orange), 3 mW (blue) and 9 mW
(green), respectively. The sampling time is 0.1 s and duration
time of 300 s. No blinking has been observed.
ensemble results at low temperature [9].
a b
Figure S10. PL polarization of single PL6 defects at
room temperature. a and b, Two typical PL polarization
of single PL6 defects with orthogonal rotation directions.
7. Spin-resolved excited state lifetime for single
PL6 and PL1 divacancy at room temperature.
We measured the spin-resolved (ms = 0 and ms = ±1)
excited state lifetime at room temperature for the single
PL6 defect described in the main text. The 920 nm CW
laser with a duration of 5 µs is used to polarize the spin
state to ms = 0. After waiting 1 µs for the singlets to
depopulate, the spin would be initialized to the ground
sate ms = 0. The single PL6 defect is then further ex-
cited by a 150 fs laser pulse and the fluorescence decay
is recorded [10]. The measurement strategy and experi-
mental results are shown in Fig. S11a. The fluorescence
decay curve is fitted by a double exponential decay func-
tion, in which one of the time parameters is the excited
state (ms = 0) lifetime and the other fast decay may
originate from the system response or background fluo-
rescence decay [11]. From the fitting, the excited state
(ms = 0) lifetime of the single PL6 defect is deduced
to 13.4 ± 0.3 ns. As shown in Fig. S11b, after initial-
ized into ms = 0, the spin state is then converted into
5ms = −1 by a microwave pi-pulse. The fluorescence decay
is further recorded, from which the excited state lifetime
of ms = −1 is deduced to 8.9 ± 0.1 ns. The spin-resolved
excited state lifetime for the single PL1 defect described
in the main text is measured for comparison, which are
shown in Fig. S11c and S11d. The excited state lifetime
of ms = 0 and ms = −1 are deduced to 8.0 ± 0.3 ns and
7.2 ± 0.2 ns, respectively.
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Figure S11. Spin-resolved excited state lifetime mea-
surements for single PL6 and PL1 defects at room
temperature. a and b are the excited state lifetime of
ms = 0 and ms = −1 for a single PL6 defect, respectively. c
and d are the excited state lifetime of ms = 0 and ms = −1
for a single PL1 defect, respectively.
8. Theoretical considerations on the readout con-
trast of the optical detected magnetic resonance
of divacancy defects in 4H SiC.
Preliminaries Previous studies from two research groups
showed [6, 9, 12] that the PL5 and PL6 defects have larger
optically detected magnetic resonance (ODMR) readout
contrast than that of the PL1-4 counterparts but, gen-
erally, the reported ODMR contrasts were smaller than
that of the nitrogen-vacancy (NV) centre in diamond.
In this study we demonstrated that the continous wave
ODMR readout contrasts at room temperature of single
PL5 and PL6 defects are about −18%. Here we analyze
these experimental facts.
Diamond NV centre and divacancy defects in 4H SiC
are isovalent [13], so the ODMR readout processes are
similar in the two systems [11, 13]. The so-called c-axis
divacancy defects, in which the neighbour carbon and
silicon vacancies are situated along the c-axis of the crys-
tal, possess C3v symmetry like the diamond NV centre
does. The basal divacancy defects although exhibit C1h
symmetry in 4H SiC but it has been recently shown [14]
that these configurations can be considered as C3v defects
with spin quantization axis pointing along the connect-
ing line of the vacancies with a perturbation of strain
induced by the crystal field. By considering the strain
as relatively small perturbation, one can focus on the
C3v symmetry solution as obtained for the diamond NV
centre.
We apply a very recent theory of optical spin-
polarization loop of diamond NV centre [15] to the di-
vacancy defects in 4H SiC, where the complete analysis
of the diamond NV centre can be found in Ref. 16. We
note that this theory applies at relatively low tempera-
tures. We do not reiterate the delicate derivations and
formulas of the theory here which encompasses the in-
terplay between correlation of electronic states, electron-
phonon coupling and spin-orbit coupling. We rather de-
fer the readers to Refs. 15 and 16. The basic electronic
structure and the corresponding decay processes from the
bright excited states are shown in Fig. S12.
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Figure S12. Defect levels and decay paths in diva-
cancy defects. Simplified energy level diagram is shown that
is common for diamond NV centre and divacancy configura-
tions. This simplified diagram is valid at room temperature
in the 3E excited state and at zero strain and magnetic fields.
The radiative decays are depicted by red arrows whereas the
non-radiative processes are shown by green arrows. The non-
radiative decay between the triplet and singlet states involves
spin-orbit interaction, and it is called intersystem crossing.
Radiative and non-radiative decays compete between the 1A˜1
and 1E˜ singlet states (see the box in the middle of the figure)
as depicted by an orange arrow. The very weak transitions are
depicted by thin dotted arrows. The tilde label represents vi-
bronic states in which strong electron-phonon coupling mixes
the three singlet states as shown in the box at the right side
of the figure. The A˜1 state (orange dashed level) is the first
excited vibronic state over the 1E˜ ground state. The defect
states are enumerated. The corresponding energy gaps are
labeled by Greek letters. The energy gaps between ms = ±1
and ms = 0 spin levels are magnified by six orders of magni-
tude for the sake of clarity.
The decay paths connect the initial and final states
that are labeled by numbers in Fig. S12. The radiative
transition between the different spin levels is very weak,
e.g., r41 and r32 rates are small, because it is caused only
by tiny spin-spin interaction within the corresponding
63E manifold (see Ref. 16 and references therein). There-
fore, these rates can be neglected. Very likely, the direct
non-radiative decay between the same spin levels of the
triplets (green dotted arrows) is weak compared to the
radiative decay (red straight arrows) because of ∼ 1.1 eV
gap between the triplet states. They both contribute to
the direct decay from the 3E excited state to the 3A2
ground state.
The calculated energy gap between between 1E˜ and 3E
is about 0.8 eV for divacancy defects [17]. The estimated
accuracy of the applied method is about 0.1 eV. Taking
this into account one can safely conclude that the energy
spacing between 1E˜ and 3E cannot be efficiently bridged
by phonons. In other words, the phonon overlap spectral
function F between these states is nearly zero at this
energy (see the definition of F in Ref. 16 and references
therein). F is non-zero between 3E and 1A˜1 as well as
1E˜ and 3A2. The spin-flipping processes, responsible for
optical spin-polarization and ODMR readout contrast,
should be studied between these states.
Understanding the nature of the singlet states lying
in between the triplet states is a key for determining
the strength of the optical spin-polarization and ODMR
readout contrast. Here we focus on the analysis of the
ODMR readout contrast but the optical spin-polarization
is also briefly discussed in the context. In the lower
branch of the spin-polarization loop, selection rules imply
a non-trivial connection between states 5 and 2. This can
occur if one considers the correlation between the high
energy 1E′ and the low energy 1E states separated by an
energy gap of ∆ (see the box at the right side of Fig. S12)
which can then connect states 5 and 2 by the perpendic-
ular component of the spin-orbit coupling. However, this
goes opposite to the observations on NV centre in dia-
mond that found spin-polarization to the |0〉 state (state
1), which requires r51 > r52. A recent theory explained
this phenomenon by the strong electron-phonon coupling
between the 1E and 1A1 states separated by Λ, which is
beyond the Born-Oppenheimer approximation [15]. The
electron-phonon coupling between 1E and 1A1 states can
be treated within the so-called pseudo Jahn-Teller the-
orem, and the electron-phonon coupling results in dy-
namic Jahn-Teller effect for the 1E′ state which is mixed
into 1E by electron correlation (see Ref. 16 and refer-
ences therein). As a consequence, 1A1 mixes into 1E
which makes possible to connect the lower singlet state
to the |0〉 state by the parallel component of the spin-
orbit coupling (λz). Because of the pseudo Jahn-Teller
effect, the singlet states between the triplet states are vi-
bronic states that are labeled by tilde (see the box in the
middle of Fig. S12).
Theory of ODMR readout contrast of divacancies at low
temperatures The observed ODMR readout contrast de-
pends by a number of factors, including the optical
and microwave operations and powers applied, the cou-
pling strength of the spin ensemble to the microwave an-
tenna, the optical absorption rate, the intersystem cross-
ing branching ratio. We consider here the trends in the
ODMR readout contrasts by comparing similar physical
systems. Therefore, we simplify this complex problem to
an expression with such parameters that are intrinsic to
the defects. In this case, the ODMR readout contrast C
can be expressed as
C = (r0 − r±1)/(r0 + r±1), (3)
where r0 = rD + r36 and r±1 = rD + r46. Here rD is the
direct recombination rate, rD = r42 = r31, that involves
both luminescence and non-radiative recombination, al-
though, luminescence should be the predominant one.
We note that Eq. (3) is accurate for the set of spe-
cial condition: the measurements are based on pulsed
schemes, in which optical spin-polarization is perfect be-
fore reading out the spin state optically, and after the
optical readout of the ”bright” state the applied MW pi-
pulse perfectly switches to the ”dark” spin state before
optical readout of that spin state. In reality, these con-
ditions are not entirely satisfied even in pulsed ODMR
measurements, therefore, this theoretical limit is always
the upper bound of the magnitude of the ODMR read-
out contrast which is scaled down with a certain factor in
the experiments. Nevertheless, the ideal limit can be well
approached in pulsed ODMR and spin-dependent optical
lifetime measurements (see below).
The sign and the strength of the ODMR readout con-
trast depends on the relation between the intersystem
crossing (ISC) rates of r0 and r±1 according to Eq. (3).
For instance, r±1 > r0 results in a negative readout con-
trast. This depends on the relation of r46 and r36.
The ISC process r46 can be well understood by λz cou-
pling (see Ref. 16 and references therein) which connects
1A1 to the |±1〉 in 3E (state 4). In diamond NV cen-
tre, r36 is considered to be negligible but r46 is relatively
high, which explains the ∼ −30% readout contrast in
single defect measurements.
Single divacancy measurements have been carried out
in 3C SiC in details [11] which is supposed to be the
closest system to NV centre in diamond, in terms of
electronic structure and crystalline environment. The
observed ODMR contrast upon off-resonant excitation
was found at −7.5% at low temperatures. Time-
dependent PL decay studies showed biexponential com-
ponents where the faster rate was associated with the
decay from ms = ±1 ”dark” state whereas the slower
rate was associated with the decay from ms = 0 ”bright”
state. They applied a five level model (states 5 and 6 were
considered as a single effective state), and they carried
out a fitting procedure on the observed ODMR contrasts
and power dependent optical spin-polarization and PL
intensities. Finally, they conclude that r36 = 11 MHz
is in the same order of magnitude as r46 = 21 MHz for
divacancy defect in 3C SiC which can explain the −7.5%
7ODMR contrast and 96% optical spin-polarization of the
electron spin. They assumed that r52 is negligible in the
fitting procedure.
After this report, results from the novel theory on the
optical spin-polarization loop [15] and the accurate elec-
tronic structure calculations of divacancy SiC [17] may
question the interpretation of the observed biexponential
decay. The only link between
∣∣3E〉 ms = 0 (state 3) and
the singlet states is the λz spin-orbit component towards∣∣1E′〉. Therefore, first order decay ISC process is only
possible towards such lower lying singlet state in which
the
∣∣1E′〉 component is substantial.
It has been found (see Supplementary Information in
Ref. 17) that
∣∣1E′〉 only appears in ∣∣∣1E˜〉 (state 5) and
it is marginal (not detectable) in
∣∣∣1A˜1〉 (state 6). As
a consequence, rather r52 should be significant via λ⊥
interaction whereas r36 should be very minor, and defi-
nitely cannot be similar order of magnitude with that of
r46. Principally, r35 ISC may occur but the large energy
gap between
∣∣∣1E˜〉 and ∣∣3E〉 makes it also tiny and not
comparable to r46. The main conclusion is that the op-
tical spin-polarization loop in divacancy defects in SiC
should be very similar to that of diamond NV centre.
By assuming these conditions, one can test the accu-
racy of Eq. (3) by the observed 1/r0 = τ0 = 18.7 ns and
1/r±1 = τ±1 = 15.7 ns optical lifetimes on 3C SiC diva-
cancy defect [11]. One yields C = −0.087 = −8.7% which
is relatively close to the observed off-resonant ODMR
readout contrast at −7.5%. In the present study, the
room temperature data for a single PL6 and PL1 centre
are recorded in Fig. S11. By taking the average lifetime
data, one obtains −20.2% and −5.3% ODMR readout
contrasts, respectively, that are also close to the observed
room temperature ODMR readout contrasts. Thus, we
assume that Eq. (3) can be applied to understand the
trends in the OMDR contrasts either in terms of various
divacancy configurations or temperature dependence of
a given divacancy configuration in 4H SiC.
We conclude from previous considerations that the dis-
similarities between the diamond NV centre and SiC di-
vacancies are quantitative and not qualitative. The en-
ergy gaps between the triplet and singlet levels in SiC
divacancy defects are generally significantly smaller than
those in the diamond NV centre [17]. This has a serious
consequence for the nature of the vibronic singlet states.
The coupling of 1E and 1A1 states are scaled with the in-
verse of the electronic gap between the states (see Eq. A1
in Ref. 15), thus the damping in the pseudo Jahn-Teller
effect is generally much smaller for divacancy defects in
SiC than that for diamond NV centre which results in
a strong mixture between 1E and 1A1 states (see also
the Supplementary Material in Ref. 17). The smaller ∆
energy gap between 1E and 1E′ states results in a larger
admixture of 1E′ state into
∣∣∣1E˜〉 too. These effects in-
fluence the lifetime of
∣∣∣1E˜〉 and the spin-polarization of
the electron.
The ODMR contrast is then primarily depends on
the rate r46. The rate r46 ∝ λ2⊥FA(Ω) depends on
the strength of the spin-orbit coupling and the spectral
phonon overlap function FA with the A1 phonons which
connect the geometries of
∣∣∣1A˜1〉 and ∣∣3E〉 that are orig-
inally separated by ∆Q (see Fig. S13). The spin-orbit
coupling parameters are in the same order of magnitude
for the diamond NV centre and the divacancy defects in
SiC (see Refs. 11 and 16 and references therein), never-
theless, λ⊥ values may differ somewhat for the diamond
NV centre and the divacancy configurations which can
contribute to quantitative differences in the final values of
r46. On the other hand, λ⊥ values should be very similar
for each divacancy configuration because of the common
chemical composition. It is likely that the quantitative
differences between the r46 rates and the corresponding
ODMR readout contrasts of the defects dominantly come
from the strongly varying FA values.
In diamond NV centre, the FA(E) is sizable up to
about E = 0.4 eV and then it decays exponentially. As
Ω ≈ 0.4 eV (see Ref. 16 and references therein), this
leads a relatively fast r46 rate. According to Ref. 17,
Ω = 0.08 . . . 0.15 eV for the PL1-4 configurations in 4H
SiC. We note that the uncertainty in the calculations can
reach 0.1 eV. Taking even the uncertainty into account,
the Ω values fall into the energy region where the expo-
nential tail in FA starts as can be seen this exponential
tail in the phonon side band with respect to the ZPL
wavelengths of the PL1-4 PL spectra (e.g., Fig. S1).
We turn now the quantitative differences of the ODMR
readout contrasts of divacancy configurations in 4H SiC
in the light of the previous considerations. The low tem-
perature ODMR readout contrasts for the PL1-4 defects
were around 12%, however, they reached about twice as
high values for PL5 and PL6 defects [9] as observed by
off-resonant excitation of ensembles. PL5 and PL6 de-
fects have been recently identified as divacancy config-
urations in the middle of the stacking fault which can
be seen as a small 6H SiC polytype inclusion [18]. As a
consequence, a local triangular quantum well is formed
around the defect which basically localizes the electronic
states. Furthermore, the photo-ionization threshold to-
wards the conduction band significantly decreases which
makes the PL5 and PL6 defects photo-stable. It is em-
phasized that the PL5 and PL6 defects are chemically
the same composition as the PL1-4 divacancy defects.
Thus, one can argue that the localization of the electrons
caused by the quantum well results in a larger separation
between the corresponding electronic states for PL5 and
PL6. Indeed, the observed ZPL energies for PL5 and
PL6 are larger than those for PL1-4 configurations out-
side the quantum well. Direct ab initio calculation of
the singlet states is computationally prohibitive because
8large model is required to embed the divacancy into a
stacking fault. Nevertheless, the trends can be drawn
by the arguments of the confined electronic states and
larger energy gaps. A smaller contribution of
∣∣1A〉 and∣∣1E′〉 in ∣∣∣1E˜〉 occurs for PL5 and PL6 defects because
the strength of electron-phonon interaction and the cor-
relation of the electronic states scales with the inverse of
Λ and ∆, respectively. It cannot be definitely estimated
from the quantum confinement argument, how the rela-
tive energy positions change between the triplet and sin-
glet states such as Ω. Nevertheless, it is likely that the
quantum confinement acts stronger on the singlet states
than on the triplet states because the singlet states do not
have compensating effect due to exchange interaction be-
tween the interacting electrons like the triplet states do.
If this gap (Ω) closes then the absolute value of r46 ISC
rate will increase because of the larger FA values which
finally results in a larger ODMR readout contrast. For
example, estimating from the PL phonon sideband of the
PL1 defect, E ∼ 0.05 eV smaller energy in FA(E) can re-
sult in a 3× factor of FA(E) in the exponential tail region
of the FA(E) function. This will then increase r46 by 3×.
Theory of ODMR readout contrast of divacancies at el-
evated temperatures The temperature dependence of the
optical properties of divacancies in SiC is again discussed
in the light of diamond NV centre. The temperature de-
pendence of the lifetime of
∣∣∣1E˜〉 is now well understood
by the vibronic levels and states [15]. The first excited
vibronic state,
∣∣∣A˜1〉 (state 5′), which lies at δ energy
above the
∣∣∣1E˜〉 level, has a larger component of ∣∣1A1〉
and
∣∣1E′〉. At elevated temperatures ∣∣∣A˜1〉 is getting
occupied and opens a faster decay channel towards the
ground state manifold (states 1 and 2). This process is
important to evaluate the temperature dependence of the
optical spin-polarization and the optical pumping rate.
The trend is that δ increases going from PL1-4 defects
to PL5/6 defects because of the quantum confinement
which may suppress the temperature dependence of the
lifetime of
∣∣∣1E˜〉 for PL5 and PL6 defects.
The temperature dependence of the ODMR readout
contrast depends on the temperature dependence of r0
and r±1. In a seminal work it has been found for single
diamond NV centre [19] that r±1 is almost constant in
a wide range of temperatures (300 . . . 680 K), however,
r0 increased significantly for temperatures above 550 K.
This can be interpreted so that r36, the non-radiative de-
cay from the triplet |0〉, is significantly enhanced at ele-
vated temperatures. They provided a phenomenological
model to explain this phenomenon, the Mott-Seitz for-
mula, which is developed for multiphonon non-radiative
processes. Fig. S13 shows that the bright and dark levels
can cross by the dynamic motion of ions. The energy
barrier is W to jump into this crossing point from the
lowest energy of the bright state which can be reached at
elevated temperatures T with the thermal energy kBT ,
where kB is the Boltzmann-constant. In this case, the
lifetime of state 3, τ0(T ) = 1/r0(T ), can be expressed as
τ0(T ) =
τ0(T ≈ 0K)
1 + s× exp
(
− WkBT
) , (4)
where s is a dimensionless quantity, and it is interpreted
as the fraction of the non-radiative and radiative rates at
the crossing point.
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Figure S13. Levels crossing between the bright and
dark excited states. Schematic energy (E) – configuration
coordinate (Q) diagram for the divacancy defects. At cryo-
genic temperatures the energy gap is Ω between the bright
3E and dark 1A˜1 states. The barrier energy for the 3E state
is W to reach the crossing point between the two levels.
The energy W ≈ 0.5 eV is relatively large for dia-
mond NV centre [17, 19], therefore, the strong tempera-
ture dependence on the ODMR readout contrast is only
visible from T ≈ 550 K. However, the energy gaps for
divacancy defects in 4H SiC are much smaller. For in-
stance, W ≈ 0.1 eV is calculated for PL1 defect [17] with
an accuracy of about 0.1 eV. This result implies that
the threshold temperature is much lower for divacancy
defects than that for diamond NV centre. Indeed, the
ODMR contrast of PL1 defect is significantly reduced
from low temperature value (≈ −9%, taken from Ref. 9)
to room temperature (≈ −6%, this work). Since the low
temperature ODMR readout contrast for PL5 and PL6
defects was already high (≈ −24% and ≈ −22%, respec-
tively, taken from Ref. 9), the decrease in this contrast
up to room temperatures is not insignificant but the con-
trast still remains relatively high for single PL5 and PL6
defects (≈ −18% and ≈ −18.5%, respectively, this work),
and may approach zero at about 650 K [6].
The temperature dependence of the ODMR readout
contrast of PL5 defect can be studied by combining re-
sults in the literature and the present study. The ODMR
readout contrast of ensembles of PL5 defect was mea-
sured at elevated temperature where the background PL
signal was relatively high, which resulted in much lower
9ODMR readout contrast at room temperature (−2.4%)
(see Ref. 6) than that in single defect measurement
(−18.0%). We note that this phenomenon is common
with the diamond NV centre. This is about a factor of
7.5 for PL5 defect in the two studies. We assume that
the same factor applies to the ODMR readout contrast
as detected in the ensemble measurements to generate
the ODMR readout contrasts for single PL5 defect at
elevated temperatures. At low temperatures (∼ 20 K),
the ODMR readout contrast was derived from the change
in the ZPL line where the signal-to-noise ratio is much
improved compared to the detection in the phonon side-
band with overlapping PL spectra of other defects [9]. Fi-
nally, the derived ODMR readout contrast was at −24%
and the observed PL lifetime was at around 13 ns [9].
It is assumed that the observed lifetime belongs to the
bright transition between the ms = 0 spin states of the
triplets. This sets the value of τ0(T ≈ 0K) in Eq. (4) for
PL5 defect. The rate r46 can be deduced by reproducing
the detected low temperature ODMR readout contrast
which resulted in r46 = 48.8 MHz for PL5 defect which
is an estimation coming from the approximations taken
in Eq. (3). The corresponding lifetime is τ±1 = 8.0 ns.
Having these parameters in our hand, we fit the W and
s parameters in the Mott-Seitz model by using Eq. (3)
to reproduce the observed ODMR readout contrasts as
a function of temperature as explained above. Finally,
W = 0.085 ± 0.004 eV and s = 2.66 ± 0.25 are obtained
for PL5 defect in the fit (see Fig. S14).
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Figure S14. Temperature dependence of the ODMR
readout contrast for PL5 defect. The experimental data
(exp.) are taken from the combination of three studies as
explained in the text. The simulation curve is produced by
fitting two parameters into Eq. (4) to produce the ODMR
readout contrast as defined in Eq. (3).
The results imply that the ODMR readout contrast of
PL5 starts to shrink already at ∼ 150 K because of the
relatively small W ≈ 0.08 eV (c.f., diamond NV centre
with W ≈ 0.5 eV). This W value is consistent with the
results of previous ab initio calculations [17], where Ω =
0.10 eV obtained for PL1 defect as our analysis implies
that the value of Ω should be smaller for PL5 defect than
that for PL1 defect.
Conclusion Theoretical considerations imply that di-
vacancy defects embedded into quantum wells have sig-
nificantly larger ODMR contrasts than those outside the
quantum wells in 4H SiC. The energy gap between the
singlet and triplet states are much smaller for divacancy
defects in 4H SiC than that for diamond NV centre. Al-
though, this property results in a reduction in the ODMR
contrast at room temperature for the divacancy defects
in 4H SiC in contrast to diamond NV centre but the
room temperature off-resonant CW ODMR readout con-
trast values for PL5 and PL6 defects still approach about
−20%.
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